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GENERAL  INTRODUCTION 


The  overall  goal  of  the  research  is  to  identify  clinically  relevant  approaches  to  preventing 
or  treating  the  poisoning  due  to  botulinum  toxin.  During  the  first  half  of  the  contract,  the 
work  was  divided  into  two  phases,  as  follows: 

1)  identification  of  human  tissues  that  are  susceptible  to  botulinum  toxin  poisoning,  and 

2)  use  of  human  tissues  and  laboratory  animal  tissues  in  the  effort  to  characterize  toxin 
binding  sites 

The  two  major  components  of  the  work  are  described  in  the  two  sections  of  this  report. 
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SECTION  1 

CHARACTERIZATION  OF  BOTULINUM  TOXIN  ACTION 
ON  HUMAN  TISSUES 


ABSTRACT 


In  the  present  study,  eiectrophysiologic  techniques  were  used  to  monitor  toxin  effects  on 
endplate  activity  in  surgically  excised  human  pyramidalis  muscles,  ligand  binding  studies  were 
done  to  detect  and  characterize  toxin  receptors  in  human  nerve  membrane  preparations,  and 
molecular  biological  techniques  were  used  to  isolate  and  sequence  a  human  gene  that  encodes  a 
substrate  for  botulinum  neurotoxin.  The  results  demonstrated  that  stable  resting  membrane 
potentials  (-61.5  mV;  SEM  +  0.7)  were  maintained  in  individual  fibers  of  pyramidalis  muscle 
for  up  to  6  hours  at  33  °C.  The  rate  of  spontaneous  miniature  endplate  potentials  was  low  in 
physiological  solution  (0. 14  per  second)  but  increased  in  response  to  elevations  in  extracellular 
potassium  concentration.  In  keeping  with  epidemiologic  findings,  botulinum  toxin  type  A 
(10'8  M)  paralyzed  transmission  in  human  preparations  (ca.  90  min).  In  contrast  to 
epidemiologic  findings,  serotype  C  (10‘8  M)  also  paralyzed  human  tissues  (ca.  65  min). 
Iodinated  botulinum  neurotoxin  types  A  and  C  displayed  high  affinity  binding  to  receptors  in 
human  nerve  membrane  preparations.  In  addition,  the  human  nervous  system  was  found  to 
encode  polypeptides  that  are  substrates  for  botulinum  neurotoxin  types  A  (SNAP-25)  and  C 
(syntaxin  1A).  These  data  have  important  implications  bearing  on:  1)  the  development  and 
administration  of  vaccines  against  botulism,  and  2)  the  testing  of  toxin  serotypes  for  the 
treatment  of  dystonia. 
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INTRODUCTION 

Botulinum  neurotoxin  exists  in  seven  different  serotypes,  designated  A,  B,  C,  D,  E,  F 
and  G.  All  seven  serotypes  are  large  proteins  that  act  on  cholinergic  neuromuscular  junctions 
to  block  transmitter  release.  Research  on  laboratory  animal  preparations  has  shown  that  the 
toxins  produce  this  effect  by  proceeding  through  a  sequence  of  four  steps,  as  follows: 
1 )  binding  to  receptors  on  the  plasma  membrane,  2)  penetration  of  the  plasma  membrane  by 
receptor-mediated  endocytosis,  3)  penetration  of  the  endosome  membrane  by  pH-induced 
translocation,  and  4)  intracellular  expression  of  an  enzymatic  action  that  culminates  in 
blockade  of  exocytosis  (Simpson,  1980;  Simpson,  1981;  Habermann  and  Dreyer,  1986; 
Simpson,  1989). 

A  great  deal  of  attention  has  recently  been  focused  on  botulinum  neurotoxin.  This  is  due 
in  part  to  the  discovery  that  the  various  serotypes  are  zinc-dependent  endoproteases  that  cleave 
synaptic  proteins  implicated  in  docking  and  fusion  of  vesicles  (Schiavo  et  al,  1994b). 
Serotypes  A  and  E  cleave  SNAP-25  (Blasi  et  al,  1993a;  Schiavo  et  al,  1993a;  Binz  et  al, 
1994);  serotype  C  acts  on  syntaxin  (Blasi  et  al,  1993b);  and  serotypes  B,  D,  F  and  G  act  on 
synaptobrevin  (Schiavo  et  al,  1993a;  Schiavo  et  al,  1992;  Yamasaki  et  al,  1994a;  Schiavo  et 
al,  1993b;  Yamasaki  et  al,  1994b;  Schiavo  et  al,  1994a).  SNAP-25,  syntaxin,  and 
synaptobrevin,  along  with  several  other  polypeptides,  are  thought  to  be  essential  for  exocytosis 
(Sollner  et  al,  1993b;  SQdhof  et  al,  1993;  Sollner  etal.,  1993a;  Pevsner  etal.,  1994). 

Another  reason  for  the  recent  focus  on  botulinum  neurotoxin  is  its  introduction  as  a 
therapeutic  agent  for  the  treatment  of  dystonia  (Jankovic  and  Brin,  1991;  Jankovic  and  Hallett, 
1994).  Medically  supervised  administration  of  toxin  is  used  to  produce  local  blockade  of 
transmission  at  sites  of  excessive  efferent  activity.  Botulinum  neurotoxin  is  now  regarded  as 
the  treatment  of  choice  for  disorders  such  as  blepharospasm,  strabismus,  and  hemifacial 
spasm,  and  it  is  likely  to  be  accepted  as  the  treatment  of  choice  for  many  other  neurological 
disorders  (American  Academy  of  Neurology,  1990;  NIH  Consensus  Statement,  1991). 
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In  spite  of  the  fact  that  botulinum  neurotoxin  is  both  an  agent  that  causes  disease  and  a 
drug  that  has  been  approved  for  medicinal  use,  its  actions  have  never  been  systematically 
studied  on  viable  human  tissues,  such  as  the  neuromuscular  junction.  As  a  result,  there  is  a 
profound  lack  of  knowledge  about  many  of  the  most  fundamental  properties  of  the  toxin.  For 
example,  there  exist  no  data  on  the  comparative  dose-response  characteristics  of  the  seven 
toxin  serotypes.  Indeed,  there  are  no  convincing  data  to  demonstrate  whether  the  human 
neuromuscular  junction  is  actually  sensitive  to  all  seven  serotypes.  As  a  consequence, 
epidemiologic  findings  on  the  occurrence  of  food-borne  botulism  have  been  used  as  the  basis 
for  deciding  which  serotypes  should  be  tested  as  therapeutic  agents.  To  date,  epidemiologic 
data  suggest  that  serotypes  A,  B,  E,  F  and  G  cause  adult  botulism,  whereas  serotypes  C  and  D 
do  not  (Gangarosa  et  al.,  1971;  Dowell,  Jr.  1984). 

The  goal  of  the  present  study  was  to  undertake  the  first  systematic  analysis  of  botulinum 
toxin  action  on  isolated  and  viable  human  neuromuscular  junctions.  Serotype  A,  which  has 
often  been  implicated  in  naturally-occurring  botulism,  and  serotypes  C  and  D,  which  have 
rarely  if  ever  been  implicated,  were  selected  for  evaluation.  Because  this  is  the  first  study  to 
undertake  a  detailed  examination  of  toxin  action  on  living  human  tissues,  the  work  was  divided 
into  two  phases:  1)  identification  and  characterization  of  a  human  preparation  that  is  suitable 
for  analyzing  neuromuscular  transmission,  and  2)  examination  of  botulinum  toxin  types  A,  C, 
and  D  action  on  this  preparation. 


MATERIALS  AND  METHODS 


Human  tissues.  Institutional  Review  Board  approval  was  obtained  for  protocols  in  which 
striate  muscle  was  removed  during  surgical  procedures  (e.g.,  removal  of  pyramidalis  muscle 
from  patients  undergoing  laparotomies).  Informed  consent  was  obtained  whenever  removal  of 
tissue  was  not  an  essential  part  of  the  surgical  procedure. 

Excised  tissues  were  immersed  in  chilled  physiological  solution  of  the  following 
composition  (mM):  NaCl,  138.8;  KC1,  4.0;  KH2P04,  1.0;  NaHC03,  12.0;  CaCl2,  2.0; 
MgCl2,  1.0;  and  glucose,  11.0.  Depending  on  size,  each  preparation  was  divided  into  smaller 
fascicles  approximately  5  mm  wide  and  1  mm  thick.  Individual  fascicles  were  pinned  in  a  35 
mm  Sylgard-coated  Petri  dish  and  continuously  perfused  (3  ml  per  min)  with  fresh 
physiological  solution  bubbled  with  95%  02  and  5%  C02.  The  bath  temperature  was 
maintained  at  33°C  unless  otherwise  stated. 

Electrophysiology.  Standard  electrophysiological  techniques  were  used  to  record 
endplate  activity.  Glass  microelectrodes  filled  with  3  M  KC1  (tip  resistance  20  -  40  MG)  were 
connected  to  a  high  input  impedance  amplifier.  The  output  from  the  amplifier  was  further 
amplified,  filtered  through  a  low  pass  filter  and  digitized  through  an  A/D  converter  interfaced 
with  a  computer.  Data  acquisition,  storage  and  analysis  were  achieved  with  AXOTAPE  and 
PCLAMP  software  (Axon  Instruments,  Inc.). 

Endplate  regions  were  localized  by  following  the  course  of  tiny  intramuscular  nerve 
branches  along  the  surface  of  muscle  fibers.  Microelectrodes  were  inserted  as  close  as 
possible  to  endplate  regions,  and  the  rate  of  spontaneous  miniature  endplate  potentials 
(MEPPs)  was  monitored  at  various  levels  of  extracellular  potassium  (see  Results).  During  a 
typical  experiment,  MEPPs  were  measured  for  a  baseline  period  of  60  to  90  min  before 
addition  of  toxin. 

Two  protocols  were  used  for  exposing  tissues  to  toxin.  In  the  first,  toxin  was  merely 
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added  to  normal  physiological  solution  (33 °C)  and  maintained  for  the  duration  of  the 
experiment.  The  rate  of  spontaneous  MEPPs  was  monitored  throughout  the  experiment.  In 
the  second,  the  temperature  of  the  bath  was  lowered  to  7°C,  after  which  toxin  was  added  for 
60  min.  At  the  end  of  incubation,  tissues  were  washed  to  remove  unbound  toxin,  temperature 
was  raised  to  33°C,  and  recording  of  MEPPs  was  resumed. 

Neuromuscular  blockade  was  defined  as  a  90%  reduction  in  the  rate  of  spontaneous 
MEPPs.  If  blockade  did  not  occur  within  240  min,  tissues  were  considered  resistant  to  toxin 
at  the  concentration  tested.  Control  experiments  were  done  to  demonstrate  the  viability  of 
preparations  in  the  absence  of  toxin. 

Receptor  binding  studies.  Binding  of  toxin  to  human  brain  membrane  preparations  was 
measured  as  previously  described  (Bakry  et  al.,  1991).  Membrane  preparations  were  obtained 
by  homogenizing  tissue  in  iced  Tris.HCl  buffer  (50  mM,  pH  7.4).  The  homogenate  was 
centrifuged  for  10  min  at  1,000  x  g,  and  the  resulting  homogenate  was  resuspended  in  fresh 
buffer  and  recentrifuged  for  45  min  at  40,000  x  g.  The  final  pellet  was  resuspended  in 
Tris»HCl  buffer,  as  described  above. 

Iodinated  ligand  (1.0  nM),  prepared  as  described  below,  was  mixed  with  5  Mg  of 
membrane  protein  in  0. 1  ml  of  pH  7.4  buffer  containing  50  mM  TrisJHCl,  100  mM  NaCl  and 
1  mg/ml  bovine  serum  albumin.  The  binding  reaction  was  done  at  23  °C  for  60  min,  which 
was  the  amount  of  time  necessary  to  reach  equilibrium.  The  reaction  was  terminated  by 
centrifugation  (15,000  x  g;  2  min),  after  which  the  pellet  was  washed  and  recentrifuged.  The 
amount  of  iodinated  ligand  associated  with  membranes  was  quantified,  and  the  results  were 
corrected  for  nonspecific  binding. 

Molecular  biology  studies.  A  human  brain  library  (Human  Brain  5 '-stretch  plus  cDNA, 
Clonetech)  was  screened  twice  with  an  800  base  pair  fragment  of  open  reading  frame  obtained 
from  an  initial  screening  with  rat  syntaxin  1A  cDNA  (kindly  provided  by  Dr.  R.  Scheller, 


Stanford  University).  A  cDNA  clone,  designated  pcDNA.HS.2,  was  selected  and  analyzed  by 
primer  walking  of  both  strands  and  found  to  have  2088  base  pairs.  Dideoxyterminator 
reaction  chemistry  was  used  for  automated  Tag  cycle  sequencing,  and  the  results  were 
confirmed  by  manual  dideoxynucleotide  sequencing  (Sanger  et  al.,  1977).  Additionally,  the  5' 
end  sequencing  was  confirmed  by  PCR  applied  to  library  cDNA's  with  sets  of  primers 
designed  to  overlap  the  cloning  sites.  A  putative  start  codon  was  located  at  nucleotide  2,  and 
the  open  reading  frame  (nucleotide  positions  2  -  868)  suggested  a  coding  region  containing  288 
translated  amino  acids  (GenBank  accession  No.  U12918). 

The  cloned  human  gene  for  syntaxin  1A  was  expressed  in  vitro  using  a  rabbit  reticulocyte 
lysate  preparation  (Promega  TnT  Transcription  and  Translation  System).  The  circular  DNA 
was  inserted  into  a  pCR™n  vector  with  a  T7  promoter,  and  expression  was  carried  out  in  the 
presence  of  35S-methionine  according  to  the  manufacturer's  instructions.  The  resulting 
preparation  was  fractionated  on  a  sodium  dodecylsulfate  polyacrylamide  gel  (15  percent)  and 
submitted  to  autoradiography  (48  hr;  -20°C).  The  molecular  weight  of  the  expression  product 
was  deduced  by  comparison  with  a  set  of  molecular  weight  standards. 

Neurotoxins  and  antibodies.  Botulinum  neurotoxin  types  A,  C  and  D  were  isolated  as 
previously  described  (Simpson  et  al,  1988).  Samples  of  botulinum  neurotoxin  type  C  were 
also  provided  by  Dr.  Y.  Kamata  (University  of  Osaka  Prefecture).  Human  pentavalent 
(ABODE)  immune  globulin  against  botulinum  neurotoxin  was  obtained  from  Connaught 
Laboratories. 

Samples  of  botulinum  neurotoxin  were  radioiodinated  with  Bolton-Hunter  reagent. 
Purified  toxin  (100  fig)  was  mixed  with  1  mCi  (125I)Bolton-Hunter  reagent  in  100  mM  borate 
buffer,  pH  8.0,  for  30  min  at  room  temperature.  Iodinated  toxin  was  separated  from  free 
iodine  by  fractionation  on  Sephadex  G-50  columns.  Preparations  of  labeled  material  typically 
had  a  specific  activity  of  600  to  900  Ci/mmol  and  a  residual  toxicity  of  70  to  90  percent. 
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Expression  of  human  substrates  and  proteolysis  by  botulinum  toxin.  Human  syntaxin 
1A  was  cloned  and  sequenced  (see  above  and  Results),  and  1  ng  of  DNA  for  the  gene  was 
added  to  25  /A  of  TNT  Coupled  Reticulocyte  Lysate  (Promega),  l  n\T1  RNA  polymerase  (per 
kit  instructions),  and  20  A*Ci  35S-labeled  methionine.  The  reaction  mixture  was  incubated  for 
90  min  at  30°C,  after  which  it  was  centrifuged  (~  12,000  x  g)  for  15  min.  The  pellet  was 
washed  twice,  then  resuspended  in  proteolysis  buffer  (25  mM  HEPES,  pH  7.4;  50  mM  NaCl; 
10  fiM  ZnCy. 

Human  SNAP-25  was  obtained  by  PCR,  using  template  DNA  from  a  human  brain  cDNA 
library  (Human  brain  5' -stretch  plus  cDNA;  Clonetech).  The  primers  were  5'- 
ATGGCCGAAGACGC AGAC-3 '  and  5 '  -GCAC ACTTA ACC ACTTCC-3 ' ,  which  cover  the 
entire  open  reading  frame  (nucleotides  89-805;  Bark  and  Wilson,  1994).  The  authenticity  of 
the  product  was  confirmed  by  sequencing.  The  PCR  product  was  cloned  into  the  TApCR 
vector  (Invitrogen)  and  subcloned  into  the  EcoRI  site  of  Bluescript  SK-  (Stratagene).  Human 
SNAP-25  was  transcribed  and  translated  in  vitro  with  the  TNT  System  and  T3  RNA 
polymerase.  The  product  was  centrifuged,  washed  and  suspended  in  proteolysis  buffer,  as 
described  above. 

In  proteolysis  experiments,  botulinum  neurotoxin  types  A  and  C  were  pre-reduced  with 
10  mM  with  DTT  (45  min  at  37  °C).  Toxin  was  then  incubated  with  substrate  for  60  min  at 
37°C.  The  reaction  was  terminated  by  boiling  in  sodium  dodecylsulfate  sample  buffer  for  3 
min,  then  run  on  a  polyacrylamide  gel  (12%).  Dried  gels  were  exposed  to  X-ray  film  for  16 
hr.  The  molecular  weights  of  substrates  and  reaction  products  were  determined  by  comparison 
with  standards. 


RESULTS 


Selection  of  tissues.  A  variety  of  innervated  muscle  preparations  were  evaluated, 
including  tissues  from  the  head  and  neck,  trunk,  and  upper  and  lower  limbs.  Of  the  many 
preparations  tested,  the  only  one  that  proved  suitable  was  the  pyramidalis  muscle  (see 
Discussion).  This  tissue,  which  is  located  along  the  lower  abdominal  wall  at  the  base  of  the 
rectus  abdominus,  is  relatively  small  in  size,  surgically  accessible,  and  reasonably  available 
(see  Discussion). 

Characteristics  of  the  human  pyramidalis  muscle  preparation.  Each  muscle  was 
probed  with  microelectrodes  in  an  effort  to  localize  endplate  regions.  Intracellular  recordings 
in  a  large  series  of  endplates  (n=  107)  revealed  an  average  resting  membrane  potential  of  -61.5 
±  0.7  mV.  Resting  potentials  were  well  maintained  for  periods  of  4  to  6  hours  when  tissues 
were  kept  at  33°C.  Membrane  potential  and  tissue  responsiveness  tended  to  diminish  when 
experiments  were  done  for  comparable  lengths  of  time  at  37°C. 

The  rate  of  spontaneous  MEPPs  in  physiological  solution  was  0.14  +  0.03  per  second 
(n=  11;  temperature,  33°C).  This  rate  increased  in  a  concentration-dependent  manner  with 
elevations  in  extracellular  potassium.  The  mean  amplitude  of  spontaneous  MEPPs  was  2.4  + 
0.08  mV  (n=27),  and  the  amplitude  distribution  was  Gaussian  in  nature.  The  mean  duration 
of  spontaneous  MEPPs  was  3.4  +  0.19  msec  (n=24). 

Characteristics  of  evoked  responses.  Surgically-excised  preparations  of  human 
pyramidalis  muscle  frequently  did  not  have  a  sufficient  nerve  stump  to  permit  direct, 
microelectrode-induced  depolarization.  Therefore,  mild  potassium-induced  depolarization  was 
used  as  an  alternative.  In  a  typical  experiment,  tissues  were  maintained  in  12.5  mM  potassium 
for  a  baseline  period  of  30  to  60  min,  and  the  frequency  of  MEPPs  was  monitored.  Under 
these  conditions,  the  baseline  rate  of  MEPPs  was  1.5  +  0.12  per  second  (n=50).  At  the  end 
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of  the  baseline  period,  tissues  were  transiently  exposed  to  25  mM  potassium.  This  caused  the 
rate  of  MEPPs  to  increase  by  approximately  one  order  of  magnitude  (14.5  ±  2.7  per  sec). 
When  tissues  were  reimmersed  in  12.5  mM  potassium,  the  rate  of  MEPPs  fell  to  baseline 
levels. 

Human  pyramidalis  muscle  responses  to  12.5  mM  and  25  mM  potassium  were  well 
maintained  for  extended  periods  of  time.  When  immersed  in  12.5  mM  potassium  solution, 
tissues  displayed  a  stable  MEPP  rate  for  periods  of  240  to  300  min.  When  tissues  were  briefly 
exposed  to  25  mM  potassium  at  intervals  of  approximately  60  min,  the  magnitudes  of 
responses  were  comparable  (see  below).  These  stable  responses  permitted  an  analysis  of 
botulinum  neurotoxin  action. 

Botulinum  neurotoxin  type  A  action.  The  addition  of  botulinum  neurotoxin  type  A  to 
human  pyramidalis  muscle  preparations  produced  irreversible  blockade  of  transmission.  This 
could  be  demonstrated  by  using  two  different  paradigms  and  two  different  measures  of 
outcome.  When  toxin  (1  x  10'8  M)  was  added  to  tissues  maintained  at  33 °C  in  12.5  mM 
potassium  solution,  the  baseline  rate  of  MEPPs  remained  constant  for  about  30  to  40  min  and 
then  began  to  decay.  Within  60  to  90  min  the  baseline  rate  of  MEPPs  fell  to  levels  that  were 
too  low  to  measure.  This  evidence  of  toxin-induced  blockade  was  confirmed  by  immersing 
tissues  in  25  mM  potassium  solution.  The  spike  in  MEPP  frequency  ordinarily  associated  with 
high  potassium  solution  was  almost  completely  abolished. 

A  second  paradigm  generated  closely  similar  results.  Tissues  were  initially  immersed  in 
medium  at  33 °C,  and  both  baseline  responses  to  12.5  mM  potassium  and  evoked  responses  to 
25  mM  potassium  were  monitored.  Tissues  were  then  transferred  to  physiological  solution  at 
7°C,  after  which  toxin  was  added  (1  x  10'8  M)  for  an  incubation  period  of  60  min.  Following 
incubation,  tissues  were  washed  to  remove  unbound  toxin,  temperature  was  raised  to  33°C, 
and  MEPP  frequency  was  monitored  in  12.5  mM  potassium  solution.  As  before,  the  toxin 
produced  an  irreversible  decay  in  the  rate  of  MEPPs.  Also  as  before,  the  normal  response  to 
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elevated  potassium  (25  mM)  was  virtually  abolished. 

Botulinum  neurotoxin  type  C  action.  An  identical  series  of  experiments  was  performed 
with  botulinum  toxin  type  C  (1  x  10'8  M).  Quite  unexpectedly,  this  serotype  also  produced 
blockade  of  neuromuscular  transmission.  Regardless  of  whether  toxin  was  present 
continuously  at  33 °C  or  present  for  only  60  min  at  7°C,  the  sequence  of  events  was  the  same. 
There  was  an  initial  lag  period,  after  which  the  baseline  rate  of  MEPPs  in  12.5  mM  potassium 
decayed  and  eventually  became  almost  unmeasurable. 

To  ensure  that  the  observed  response  was  authentic  and  could  be  attributed  to  serotype  C, 
two  control  experiments  were  done.  In  the  first,  the  neurotoxin  was  isolated  for  a  second  time 
from  a  different  strain  of  Clostridium  botulinum.  This  batch  of  toxin,  like  the  original 
serotype  C,  produced  neuromuscular  blockade.  In  the  second  experiment,  serotype  C  was 
preincubated  with  neutralizing  antibody  before  being  added  to  tissues.  In  this  case  there  was 
no  neuromuscular  blockade. 

Botulinum  neurotoxin  type  D  action.  At  concentrations  equivalent  to  those  tested  with 
serotypes  A  and  C,  botulinum  neurotoxin  type  D  (1  x  10~8  M)  did  not  block  human 
neuromuscular  transmission  (n=3).  The  rate  of  spontaneous  and  evoked  MEPPs  remained 
stable  in  the  presence  of  toxin  for  periods  up  to  four  hours.  Even  when  toxin  concentration 
was  increased  an  order  of  magnitude,  there  was  still  no  evidence  of  paralysis.  These  results 
indicate  that  the  human  neuromuscular  junction  is  resistant  to  serotype  D. 

Binding  of  botulinum  toxin  to  human  nerve  cell  membranes.  The  fact  that  botulinum 
toxin  types  A  and  C  blocked  transmission  implies  that  the  human  nervous  system  has  cell 
surface  receptors.  Therefore,  work  was  done  to  verify  the  existence  of  these  receptors  and  to 
characterize  toxin ~ receptor  interactions. 

Preliminary  experiments  with  serotypes  A  and  C  and  membrane  preparations  from  several 
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areas  of  human  brain  (prefrontal  cortex,  anterior  temporal  cortex,  superior  parietal  cortex, 
putamen,  globus  pallidus,  and  cerebellum)  revealed  that  the  cerebellum  typically  had  the 
highest  density  of  toxin  binding  sites.  Therefore,  this  region  of  the  human  nervous  system  was 
examined  in  some  detail. 

The  binding  of  125I-botulinum  neurotoxin  type  A  to  human  cerebellar  membranes 
increased  as  a  function  of  protein;  an  apparent  plateau  was  reached  at  100  to  200  jxg/assay  (100 
/d/assay).  Binding  also  increased  as  a  function  of  time,  with  an  apparent  equilibrium  being 
reached  at  15  to  20  min. 

Various  concentrations  of  iodinated  botulinum  neurotoxin  were  incubated  with  membrane 
preparations  (50  //g/ml  protein;  60  min),  and  the  resulting  data  were  used  to  generate  a 
saturation  isotherm  and  a  Scatchard  plot.  Graphic  analysis  of  the  data  revealed  two  classes  of 
binding  sites.  The  characteristics  of  the  high  affinity  binding  site  were:  Kd,  0.3  nM;  Bmax, 
0.78  pmol/mg  protein.  The  characteristics  of  the  low  affinity  site  were:  Kd  3.3  nM;  Bmax, 
3.18  pmol/mg  protein.  In  related  experiments,  various  concentrations  of  unlabeled  serotype  A 
were  used  as  competitive  antagonists  of  the  binding  of  labeled  serotype  A.  The  apparent  IC50 
for  the  unlabeled  toxin,  as  deduced  by  graphic  analysis,  was  3.5  nM,  which  is  in  agreement 
with  the  Kd  value  for  the  bulk  of  binding  sites  (e.g. ,  low  affinity  sites)  in  these  membranes. 
By  contrast,  a  substantial  molar  excess  (0.3  fM)  of  heterologous  toxin  (i.e.,  serotype  C)  did 
not  antagonize  the  binding  of  iodinated  type  A  (and  see  below). 

The  binding  of  botulinum  neurotoxin  type  C  to  nerve  membranes  was  studied  under 
conditions  equivalent  to  those  used  with  serotype  A.  The  results  indicated  the  presence  of 
specific  binding  sites;  toxin  association  with  these  binding  sites  increased  as  a  function  of  time 
(equilibrium  ca  30  to  60  min)  and  protein  (half  maximal  binding  ca  50  to  100  yug/ml). 

Various  concentrations  of  iodinated  botulinum  toxin  type  C  were  incubated  with  nerve 
membranes  (50  Mg/ml;  60  min),  and  the  resulting  data  on  specific  binding  were  transformed 
into  a  Scatchard  plot.  Interestingly,  graphic  analysis  of  the  data  yielded  a  finding  that  was 
different  from  that  obtained  with  serotype  A.  The  work  demonstrated  the  existence  of  a  single 
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class  of  binding  sites  whose  characteristics  were:  Kd  =  1.96  ±  0.36  nM;  Bmax  =  8.9  + 
0.56  pmol/mg  protein.  Specific  binding  of  iodinated  serotype  C  could  be  blocked  by 
unlabeled  type  C,  but  not  by  unlabeled  type  A. 

Human  substrates  for  botulinum  neurotoxin.  The  principal  substrate  for  serotype  A  is 
SNAP-25  (Blasi  et  ah,  1993a;  Schiavo  et  ah,  1993a),  which  has  previously  been  cloned  and 
sequenced  (Bark  and  Wilson,  1994).  The  substrates  for  serotype  C  are  syntaxin  (Blasi  et  ah, 
1993b),  for  which  the  human  gene  has  not  been  cloned  and  sequenced,  and  SNAP-25 
(Williamson  et  ah,  1996;  Foran  et  ah,  1996). 

A  gene  for  human  syntaxin  was  isolated,  cloned  and  sequenced,  as  described  under 
Methods.  The  deduced  amino  acid  sequence  of  the  open  reading  frame  revealed  a  polypeptide 
that  was  strikingly  similar  in  length  and  primary  sequence  to  rat  syntaxin  1A  (Zhang  et  ah, 
1995).  The  overall  identity  in  amino  acid  sequences  between  the  two  syntaxins  was 
approximately  98%.  Therefore,  the  expression  product  was  deduced  to  be  human  syntaxin 
1A. 


Cleavage  of  human  substrates.  SNAP-25  and  syntaxin  1A  were  expressed  in  vitro,  as 
described  under  Methods.  Serotypes  A  and  C,  each  at  1  x  10'7  M,  were  reduced  with 
dithiothreitol  (10  mM;  37°C;  30  min),  then  incubated  with  substrates  (37°C;  60  min).  The 
reaction  mixtures  were  submitted  to  polyacrylamide  gel  electrophoresis  (12%),  and  the  dried 
gels  were  subsequently  exposed  to  X-ray  film  for  16  hr. 

Serotypes  A  and  C  caused  proteolytic  cleavage  of  their  respective  human  substrates. 
Furthermore,  cleavage  was  in  keeping  with  the  zinc-dependent  endoprotease  action  of  the 
toxins.  Thus,  incubation  of  toxin  and  substrate  in  the  presence  of  a  zinc  chelator  [50  fjM 
tetrakis(2-pyridylmethyl)ethylenediamine]  markedly  diminished  proteolysis  of  SNAP-25  and 
syntaxin  1A. 
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DISCUSSION 

The  literature  describing  electrophysiological  properties  of  excised  human  neuromuscular 
junctions  is  very  limited.  This  is  due  in  large  measure  to  ethical  constraints,  which  properly 
restrict  the  circumstances  under  which  normal  tissue  can  be  removed  from  patients.  One 
possible  remedy  that  respects  the  ethical  constraints  is  to  harvest  tissue  that  would  ordinarily  be 
removed  or  be  damaged  in  situ  during  routine  surgical  procedures.  However,  this  brings  to 
light  a  host  of  experimental  concerns.  To  be  acceptable  as  an  experimental  preparation,  a 
human  tissue  should  possess  the  following  characteristics:  1)  reasonable  availability,  based  on 
accessibility  of  muscle  during  various  surgical  procedures,  2)  reasonable  consistency  in  size, 
3)  ease  of  orientation  after  removal  from  patients,  4)  ease  of  localization  of  endplate  regions, 
and  5)  ability  to  survive  and  respond  for  substantial  periods  of  time.  These  criteria  were  best 
satisfied  by  the  pyramidalis  muscle,  which  has  one  additional  advantage  (Chouke,  1935; 
Beaton  and  Anson,  1939;  Monkhouse  and  Khalique,  1986).  The  muscle  is  generally  regarded 
as  non-essential,  and  thus  partial  or  complete  removal  does  not  impair  the  donor. 

Electrophysiologic  studies  of  the  pyramidalis  muscle  revealed  that  the  endplate  region  was 
localized  to  discrete  areas.  Intracellular  recordings  at  the  endplate  region  demonstrated  a 
resting  membrane  potential  of  -61.5  mV.  This  was  well  maintained  over  4  to  6  hours  at  a 
constant  temperature  of  33 °C.  The  rate  of  MEPPs  in  physiological  solution  was  0.14  per 
second,  and  this  value  is  in  keeping  with  that  previously  reported  for  other  human 
neuromuscular  junctions  (Elmqvist  and  Quastel,  1965;  Lambert  and  Elmqvist,  1971;  Haynes, 
1971;  Maselli  et  al.,  1991;  Maselli  et  al.,  1992;  Slater  et  al.,  1992).  The  amplitude 
distribution  of  spontaneous  MEPPs  was  consistent  with  a  Gaussian  distribution. 

Elevations  in  extracellular  potassium  produced  concentration-dependent  increases  in  the 
rate  of  MEPPs.  These  evoked  increases  in  MEPP  rate,  like  spontaneous  MEPP  rate,  were 
well  maintained  over  time.  This  afforded  the  opportunity  to  examine  botulinum  neurotoxin 
action. 
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Mechanism  of  toxin  action.  Botulinum  toxin  proceeds  through  a  series  of  steps  to 
produce  its  effects  on  cholinergic  nerve  endings.  This  includes  binding,  productive 
internalization,  and  eventual  expression  of  an  intracellular  effect  (see  Introduction  for 
references).  This  general  scheme  for  describing  toxin  action  arose  from  studies  on  the  murine 
phrenic  nerve-hemidiaphragm  preparation  (Simpson,  1980),  and  with  few  exceptions  (e.g., 
Apylsia;  Poulain  et  al.,  1989;  Poulain  et  al.,  1991),  it  has  proved  useful  for  describing  toxin 
action  on  other  cholinergic  junctions.  However,  there  is  no  way  to  know  whether  this  model 
applies  to  the  human  neuromuscular  junction,  because  there  have  been  no  studies  on  isolated 
human  tissues.  Therefore,  one  of  the  goals  of  this  work  was  to  analyze  toxin  action  on  excised 
human  neuromuscular  junctions.  Serotypes  A,  C  and  D  were  selected  for  study. 

Botulinum  neurotoxin  type  A  produced  irreversible  blockade  of  transmission  in  the 
pyramidalis  preparation.  This  could  be  demonstrated  by  using  a  standard  paradigm  in  which 
toxin  was  continuously  present,  and  it  could  also  be  shown  using  a  binding  paradigm  in  which 
the  toxin  was  present  for  only  a  limited  time.  The  latter  approach  arose  from  studies  on 
murine  preparations  (Simpson,  1980).  When  mouse  phrenic  nerve-hemidiaphragms  are 
incubated  with  toxin  at  a  low  temperature  (<  10°C),  the  toxin  binds  to  the  tissue  but  does  not 
cause  paralysis.  The  absence  of  blockade  is  due  to  the  fact  that  receptor-mediated  endocytosis 
is  arrested  at  low  temperature,  and  thus  toxin  is  not  internalized.  Transmission  does  not  begin 
to  fail  until  temperature  is  elevated. 

The  actions  of  botulinum  neurotoxin  type  A  on  human  tissues  were  entirely  consistent 
with  this  model.  When  toxin  was  added  to  tissues  at  7°C,  there  was  no  evidence  for  onset  of 
paralysis.  When  tissues  were  washed  and  then  suspended  in  toxin-free  medium  at  33 °C,  there 
was  a  lag  time  that  could  account  for  internalization  and  then  onset  of  blockade.  Paralysis  of 
transmission  was  demonstrated  in  two  ways:  1)  the  rate  of  spontaneous  MEPPs  fell  more  than 
90%,  and  2)  the  sharp  rise  in  MEPP  rate  due  to  elevated  potassium  was  nearly  abolished. 

Botulinum  neurotoxin  types  C  and  D  were  also  studied  on  the  human  pyramidalis 
preparation.  In  contrast  to  serotype  C,  which  appeared  to  block  transmission  similarly  to 
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serotype  A,  serotype  D  produced  no  observable  effect.  Even  when  used  at  concentrations  10- 
fold  higher  than  with  the  other  two  serotypes,  type  D  still  produced  no  measurable  effect  over 
a  period  of  4  to  5  hours. 

The  finding  that  serotype  D  does  not  poison  human  preparations  is  in  keeping  with 
epidemiologic  data.  There  has  never  been  a  confirmed  case  of  type  D  human  botulism.  On 
the  other  hand,  the  finding  that  serotype  C  blocked  transmission  was  unexpected.  There  are 
no  confirmed  cases  of  type  C  poisoning  in  adults,  and  there  is  only  one  report  of  type  C 
poisoning  in  a  single  infant  (Oguma  et  al.,  1990).  In  view  of  the  apparent  difference  between 
epidemiologic  data  and  isolated  tissue  data,  a  number  of  experiments  were  done  to  assure  that 
type  C  does  indeed  act  on  human  tissues.  This  included:  1)  isolation  and  testing  of  type  C 
toxin  from  two  different  strains  of  Clostridia,  2)  neutralization  of  toxicity  with  specific 
antibodies,  3)  demonstration  that  the  human  nervous  system  has  high  affinity  binding  sites  for 
serotype  C,  4)  demonstration  that  the  human  nervous  system  has  a  gene  encoding  syntaxin  1A, 
the  major  substrate  for  serotype  C,  and  5)  demonstration  that  serotype  C  cleaves  the  translation 
product  of  the  human  syntaxin  1A  gene.  In  the  aggregate,  this  is  compelling  evidence  that 
isolated  human  tissues  are  susceptible  to  the  toxin. 

The  fact  that  type  C  toxin  does  paralyze  human  neuromuscular  transmission  naturally 
raises  the  question  why  the  toxin  does  not  typically  cause  human  botulism.  Although  there 
could  be  many  possible  explanations,  two  are  particularly  obvious.  Apparent  resistance  may 
be  due  to  ecological  factors  (i.e.,  lack  of  human  exposure)  or  to  physiological  factors  (i.e., 
poor  human  absorption).  Experiments  are  currently  in  progress  in  an  effort  to  answer  this 
question. 

Therapeutic  Issues.  The  data  presented  here  bear  on  three  interrelated  issues  of  patient 
care:  I)  the  appropriateness  of  developing  and  administering  a  polyvalent  vaccine  against 
botulinum  neurotoxin,  2)  the  lack  of  appropriateness  of  including  serotype  C  in  any  vaccine 
formulation,  and  3)  the  need  to  evaluate  serotype  C  as  a  therapeutic  agent  for  dystonia. 


Page  21 


There  currently  exist  a  number  of  experimental  vaccines  against  botulinum  toxin, 
including  a  pentavalent  vaccine  (A,  B,  C,  D  and  E)  distributed  by  the  Centers  for  Disease 
Control.  These  vaccines  were  developed  and  were  being  administered  long  before  it  was 
realized  that  botulinum  toxin  has  value  as  a  therapeutic  agent.  As  a  result,  there  are  vaccinated 
persons  who,  should  they  develop  dystonia,  would  be  unresponsive  to  botulinum  toxin 
therapy.  This  is  a  serious  matter  given  that:  1)  botulinum  toxin  is  the  only  therapeutic 
intervention  that  gives  satisfactory  results  for  most  patients  with  dystonia,  and  2)  vaccination 
can  produce  long-term  resistance  to  toxin,  i.e.,  a  decade  or  longer.  These  facts  argue  strongly 
that  one  must  be  cautious  and  thoughtful  about  administering  vaccine. 

This  argument  takes  on  added  weight  when  viewed  in  the  context  of  recent  immunology 
work.  The  complete  primary  structures  of  the  botulinum  serotypes  have  been  determined,  and 
all  possess  similarity  to  tetanus  toxin.  Recombinant  molecular  biology  techniques  have  been 
used  to  generate  experimental  vaccines  to  tetanus  (Fairweather  et  al.,  1987;  Chatfield  et  al., 
1992;  Boucher  et  al.,  1994),  and  the  same  will  likely  occur  for  botulinum  toxin.  This  creates 
the  temptation  to  develop  and  administer  a  polyvalent  vaccine  against  botulism  and  tetanus. 
However,  this  is  a  course  of  action  that  may  not  be  in  the  best  interest  of  patient  care.  The 
incidence  of  naturally-occurring  botulism  is  orders  of  magnitude  less  than  the  incidence  of 
dystonia.  If  a  polyvalent  vaccine  against  botulinum  toxin  were  to  be  widely  administered,  it 
would  produce  the  negligible  benefit  of  protecting  against  botulism  but  at  the  same  time 
produce  the  substantial  risk  of  causing  all  current  and  future  dystonia  patients  to  become 
unresponsive  to  the  only  medication  that  has  authentic  value.  This  risk-to-benefit  analysis 
suggests  that  immunization  should  be  provided  only  when  there  is  an  identifiable  and 
meaningful  clinical  gain. 

On  a  related  issue,  there  is  strong  reason  to  argue  that  serotype  C  should  not  be  included 
in  any  vaccine.  Although  the  toxin  does  act  on  isolated  human  tissues,  this  does  not  challenge 
or  diminish  the  observation  that  type  C  botulism  rarely  if  ever  occurs  in  adults.  The 
explanation  for  the  apparent  absence  of  disease  may  relate  to  ecological  factors  or 
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physiological  factors,  as  discussed  earlier.  Whatever  the  explanation,  the  low  incidence  of 
type  C  botulism  argues  against  the  need  for  a  vaccine. 

On  a  more  positive  note,  the  data  encourage  the  testing  of  serotype  C  as  a  therapeutic 
agent  for  dystonia  and  related  neurologic  disorders.  In  the  past,  the  epidemiologic  literature 
on  naturally  occurring  botulism  was  used  as  a  guide  in  selecting  toxin  serotypes  to  test  as 
medicinal  agents.  Serotype  A  has  long  been  implicated  in  human  illness,  it  was  the  first 
serotype  to  be  evaluated  as  a  medicinal  agent,  and  it  is  the  only  serotype  that  has  been 
approved  for  clinical  use  (Jankovic  and  Brin,  1991).  Other  serotypes  implicated  in  human 
illness  (B,  E  and  F)  are  now  undergoing  clinical  trials  (Jankovic  and  Hallett,  1994).  However, 
the  finding  that  serotype  C  blocks  human  neuromuscular  transmission  means  that  the  practice 
of  relying  solely  on  epidemiology  as  a  guide  for  choosing  therapeutic  agents  is  flawed. 
Clearly,  serotype  C  warrants  investigation  for  the  treatment  of  neurologic  disorders. 

The  possibility  that  serotype  C  is  efficacious  carries  a  hidden  benefit.  If  a  situation  were 
to  arise  in  which  it  was  necessary  to  provide  immunization  against  naturally  occurring 
botulism,  there  would  be  no  need  to  include  serotype  C  in  the  vaccine.  This  would  mean  that 
it  should  be  possible  to  protect  patients  against  food-borne  botulism  (e.g.,  serotype  A)  while 
not  depriving  them  of  the  ability  to  respond  to  anti-dystonia  medication  (e.g.,  serotype  C). 
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SECTION  2 

BINDING  OF  BOTULINUM  NEUROTOXIN  TO  NERVE  MEMBRANES 
OF  HUMAN  AND  NONHUMAN  ORIGIN 


ABSTRACT 


Iodinated  botulinum  neurotoxin  type  B  binding  to  nerve  membranes  was  studied  on 
mouse,  rat  and  human  preparations.  The  toxin  was  examined  both  in  the  single  chain  and  in 
the  proteolytically  processed  dichain  form,  and  binding  sites  were  assayed  both  in  spinal  cord 
and  in  various  brain  regions.  Mouse,  rat  and  human  brain  possessed  specific  binding  site  for 
botulinum  neurotoxin  type  B.  The  average  Kd  values  for  the  various  membrane  preparations 
examined  were:  mouse,  3.7  ±  0.9  nM;  rat,  4.2  +  0.7  nM;  human,  18.2  +  5.0  nM.  The 
binding  of  botulinum  toxin  type  B  to  rat  brain  membranes  was  not  antagonized  by  a  polyclonal 
antibody  against  the  cytosolic  domain  of  synaptotagmin  or  by  a  monoclonal  antibody  directed 
against  the  lumenal  domain  of  synaptotagmin.  In  addition,  these  antibodies  did  not  protect  the 
mouse  phrenic  nerve-hemidiaphragm  from  toxin-induced  neuromuscular  blockade.  A 
comparison  of  tissues  from  non- Alzheimer's  disease  patients  and  Alzheimer's  disease  patients 
revealed  that  the  latter  had  a  reduction  in  the  number  of  specific  binding  sites.  This  reduction, 
which  was  most  pronounced  in  cerebellum,  putamen  and  globus  pallidus,  was  likely  due  to  a 
reduction  in  Bmax.  Extraction  of  whole  brain  mRNA  and  injection  into  Xenopus  oocytes  led 
to  expression  of  binding  sites  for  botulinum  neurotoxin.  Extraction  and  injection  of  cerebellar 
mRNA  led  to  expression  of  a  higher  density  of  binding  sites.  The  number  of  binding  sites  was 
not  diminished  when  oocytes  were  pretreated  with  antibodies  against  the  cytosolic  and  lumenal 
domains  of  synaptotagmin.  These  findings  are  likely  to  aid  in  the  isolation,  characterization 
and  reconstitution  of  toxin  binding  sites. 
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INTRODUCTION 

Botulinum  neurotoxin  is  a  large  protein  synthesized  and  released  by  the  organism 
Clostridium  botulimm.  The  toxin  exists  in  seven  different  serotypes,  designated  A,  B,  Cl,  D, 
E,  F  and  G,  but  each  of  these  serotypes  has  a  similar  structure  and  mechanism  of  action  (for 
review  of  toxin  structure,  see  DasGupta,  1989).  In  the  immediate  post-translational  stage, 
botulinum  neurotoxin  is  a  single  chain  polypeptide  with  a  molecular  weight  of  a  ca.  150,000. 
Some  organisms  possess  an  endogenous  protease  that  cleaves  the  neurotoxin  to  yield  a  dichain 
molecule  (heavy  chain~  100,000;  light  chain~50,000)  with  an  interchain  disulfide  bond.  In 
the  absence  of  endogenous  protease,  the  neurotoxin  can  be  cleaved  by  exogenous  proteases 
such  as  trypsin.  Proteolytic  processing  is  essential  for  the  neurotoxin  to  attain  full  biological 
activity. 

All  serotypes  of  botulinum  neurotoxin  act  preferentially  on  cholinergic  nerve  endings  to 
block  acetylcholine  release  (for  review  of  mechanism  of  toxin  action,  see  Habermann  and 
Dreyer,  1986;  Simpson,  1989;  1993).  The  toxin  produces  this  effect  by  proceeding  through 
an  elaborate  series  of  steps,  the  first  of  which  involves  toxin  binding  to  receptors  on  the 
surface  of  nerve  membranes.  The  identity  of  these  receptors  and  their  role  in  nerve  structure 
or  function  have  not  been  determined.  The  next  step  in  the  sequence  is  productive 
internalization,  which  in  reality  is  a  combination  of  two  events.  The  toxin  penetrates  the  cell 
membrane  by  receptor-mediated  endocytosis,  and  it  then  penetrates  the  endosome  membrane 
by  pH-induced  translocation.  Toxin  that  reaches  the  cytosol  acts  enzymatically  to  cleave 
synaptobrevin  (Schiavo  et  al.,  1992;  1993a;  1993b;  1994;  Yamasaki  et  al.,  1994a;  1994b), 
SNAP-25  (Blasi  et  al.,  1993a;  Schiavo  et  al.,  1993a;  Binz  et  al.,  1994)  or  syntaxin  (Blasi  et 
al.,  1993b),  which  are  polypeptides  that  are  essential  for  docking  and  fusion  of  vesicles. 
Cleavage  of  these  polypeptides  culminates  in  blockade  of  exocytosis. 

Of  the  various  steps  involved  in  toxin-induced  blockade  of  transmitter  release,  the  binding 
step  is  perhaps  the  least  well  understood.  There  are  relatively  few  studies  that  have  been  done 
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to  characterize  toxin  binding  to  nerve  membranes  (e.g.,  kinetic  analyses  of  toxin  binding  to 
brain  membrane  preparations),  and  even  fewer  studies  that  have  been  done  to  isolate  the  toxin 
receptor  (for  reviews,  see  Middlebrook,  1989;  Montecucco  and  Schiavo,  1994).  As  a  result, 
the  receptor  has  not  yet  been  identified,  and  there  are  certainly  no  data  that  characterize 
molecular  interactions  between  toxin  and  receptor.  This  contrasts  sharply  with  knowledge 
about  intracellular  actions  of  the  toxin.  For  the  latter,  at  least  a  portion  of  the  catalytic  domain 
in  the  toxin  has  been  localized,  the  substrate  for  the  toxin  has  been  identified,  and  the  amino 
acid  residues  that  form  the  toxin  cleavage  site  have  been  determined  (Schiavo  et  al.,  1992; 
1993a;  1993b;  1994;  Blasi  et  al.,  1993a;  1993b;  Binz  et  al.,  1994;  Yamasaki  et  al.,  1994a; 
1994b). 

In  the  work  that  follows,  an  effort  has  been  made  to  begin  the  process  of  characterizing 
botulinum  neurotoxin  binding  sites  on  nerve  membrane  preparations.  Botulinum  neurotoxin 
type  B  was  selected  for  these  studies,  and  the  molecule  was  examined  both  in  the  single  chain 
and  dichain  form.  The  work  was  intended  to  address  three  interrelated  issues,  as  follows: 
1)  determine  which  species  of  laboratory  animals  possess  toxin  binding  sites,  and  compare  the 
extent  of  binding  in  different  brain  regions,  2)  measure  toxin  binding  in  different  regions  of 
human  brain,  and  compare  the  extent  of  this  binding  in  normal  tissue  and  in  diseased  tissue, 
and  3)  attempt  to  induce  toxin  binding  sites  by  transferring  brain  mRNA  to  a  model  expression 
system. 
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MATERIALS  AND  METHODS 


Botulinum  neurotoxin.  Botulinum  neurotoxin  was  isolated  and  purified  as  previously 
described  (Sakaguchi,  1982;  Simpson  et  ah,  1988).  The  toxin  was  extracted  from  young 
cultures  that  are  free  of  proteases  that  nick  the  molecule,  and  thus  the  toxin  was  isolated  in  the 
single  chain  form.  Conversion  of  the  toxin  to  the  dichain  form  was  achieved  by  adding  it  to 
N-tosyl-phenylalanine  chloromethylketone-treated  trypsin  that  was  coupled  to  agarose  beads 
[trypsin: toxin,  1:40  (w:w)].  The  mixture  was  incubated  at  37°C  for  15  min  in  0.02  M  sodium 
phosphate  buffer,  pH  7.0.  The  reaction  was  terminated  by  centrifugation  and  later  aspiration 
of  activated  toxin.  The  homogeneity  and  molecular  structure  of  the  toxin  were  confirmed  by 
polyacrylamide  gel  electrophoresis  in  the  presence  of  sodium  dodecyl  sulfate.  The  biological 
activity  of  the  unactivated  and  activated  species  of  the  toxin  was  assayed  on  phrenic  nerve 
hemidiaphragm  preparations  (see  below). 

Botulinum  neurotoxin  type  B  was  radioiodinated  with  the  Bolton-Hunter  reagent.  Purified 
toxin  (100  fig)  was  mixed  with  1  mCi  of  (125I)Bolton-Hunter  reagent  in  100  mM  borate  buffer, 
pH  8.0,  for  30  min  at  room  temperature.  Iodinated  toxin  was  separated  from  free  iodine  by 
fractionation  of  the  reaction  mixture  on  a  Sephadex  G-50  column.  Various  preparations  of  the 
labeled  material  had  a  specific  activity  of  600  to  900  Ci/mmol  and  a  residual  toxicity  of  70  to 
90  percent. 

Neuromuscular  preparations.  Mouse  phrenic  nerve  hemidiaphragm  preparations  were 
excised  and  used  as  previously  described  (Coffield  et  ah,  1994).  Tissues  were  immersed  in 
physiological  solution  of  the  following  composition  (mM):  NaCl,  137;  KC1,  5.0;  CaCl2,  1.8; 
MgSC>4,  1.0;  NaHCC>3,  24;  NaHP04,  1.0  and  d-glucose,  11.  The  solution  was  bubbled  with 
95%  O2,  5%  CO2,  and  it  contained  gelatin  (0.01%)  as  an  auxiliary  protein  to  diminish 
nonspecific  inactivation  of  toxin. 

When  tissues  were  used  to  bioassay  the  activity  of  toxin  preparations,  tissues  were 
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immediately  immersed  in  medium  at  35°C.  Various  concentrations  of  toxin  were  added  (see 
Results),  after  which  phrenic  nerves  were  stimulated  (0.5  Hz)  and  the  amount  of  time 
necessary  for  development  of  paralysis  was  monitored.  When  tissues  were  used  to  detect  any 
possible  interaction  between  synaptotagmin  antibodies  and  toxin,  they  were  immersed  in 
medium  at  5°C.  Antibody  was  added  for  30  min,  after  which  toxin  was  added  for  an 
additional  30  min  (in  the  continuing  presence  of  antibody).  At  the  end  of  the  60  min 
incubation  period,  tissues  were  washed  and  suspended  in  antibody-free,  toxin-free  solution  at 
35 °C,  and  paralysis  was  monitored  as  above.  Neuromuscular  blockade  was  defined  as  a  90% 
reduction  in  muscle  twitch  evoked  by  nerve  stimulation. 

Nerve  membrane  preparations.  Brain  and  spinal  cord  were  obtained  from  mice  and 
rats.  Tissues  were  removed  according  to  protocols  approved  by  the  Institutional  Animal  Care 
and  Use  Committee.  Brain  tissue  was  also  obtained  at  autopsy  from  human  patients  with  no 
known  neurological  disorders  and  from  patients  with  Alzheimer's  disease.  This  tissue  was 
removed  and  used  under  a  protocol  approved  by  the  Institutional  Review  Board.  All 
experiments  were  conducted  in  BL-2  or  BL-3  facilities,  and  all  procedures  were  in  keeping 
with  institutional  and  federal  guidelines  that  pertain  to  potential  exposure  of  investigators  to 
blood-borne  pathogens. 

Nerve  membrane  preparations  were  obtained  by  homogenizing  brain  or  spinal  cord  in  iced 
Tris  •  HC1  buffer  (50  mM,  pH  7.4).  The  homogenate  was  centrifuged  for  10  min  at  1,000  x 
g,  and  the  resulting  homogenate  was  resuspended  in  fresh  buffer  and  recentrifuged  for  45  min 
at  40,000  x  g.  The  final  pellet  was  resuspended  in  Tris  •  HC1  buffer  (as  above). 

Xenopus  oocytes.  Oocytes  were  obtained  from  adult  female  Xenopus  laevis  (African 
clawed  toad).  One  lobe  of  the  ovary  was  surgically  excised  from  anesthetized  toads  (0.2% 
aqueous  solution  of  3-aminobenzoic  acid  ethyl  ester  methanesulfonate  salt),  and  oocytes  were 
separated  by  incubation  in  calcium-free  saline  (82.5  mM  NaCl,  2.5  mM  KC1,  1  mM  MgCl2,  5 
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mM  HEPES;  pH  7.6)  containing  2  mg/ml  collagenase  A.  Defolliculated  oocytes  were 
maintained  in  sterile  solution  (50%  Leibovitz's  solution  containing  5  mM  glutamine  and  15 
mM  HEPES  at  pH  7.6,  plus  100  mg/ml  Gentamycin)  at  18°C  for  at  least  8  hr  before  being 
used.  Oocytes  were  then  microinjected  with  mRNA  (75  to  100  ng/oocyte)  and  incubated  for 
another  2  to  3  days.  Oocyte  membranes  were  prepared  similarly  to  brain  membranes,  except 
that  the  original  centrifugation  was  at  300  x  g  and  the  subsequent  centrifugation  was  at  30,000 
xg- 

Ligand  binding  experiments.  The  binding  of  iodinated  botulinum  neurotoxin  type  B  to 
brain,  spinal  cord  or  oocyte  membranes  was  measured  by  a  centrifugation  assay  as  previously 
described  (Bakry  et  al.,  1991a;  1991b).  The  ligand  was  mixed  with  a  specified  concentration 
of  membrane  (see  Results)  in  100  /il  of  buffer  containing  50  mM  Tris  •  HC1,  pH  7.4,  100  mM 
NaCl  and  1  mg/ml  of  bovine  serum  albumin.  The  binding  reaction  was  allowed  to  proceed  at 
room  temperature  (ca.  23  °C)  for  the  amount  of  time  necessary  to  reach  equilibrium  (see 
Results).  The  reaction  was  terminated  by  centrifugation  (15,000  x  g,  2  min),  after  which  the 
pellet  was  washed  with  fresh  buffer  and  recentrifuged.  Membrane-associated  ligand  was 
collected  and  quantified,  and  the  results  were  corrected  for  nonspecific  binding.  The  data 
were  evaluated  by  using  the  equilibrium  binding  analysis  program  of  McPherson  (1982). 

Isolation  of  mRNA.  Total  RNA  was  extracted  and  isolated  by  the  RNAzol  B  method, 
essentially  as  described  in  the  product  literature  (BIOTECX  Laboratories,  Inc.;  Houston,  TX). 
Brain  tissue  was  homogenized  in  RNAzol  B  solution  with  a  Brinkmann  Polytron®.  The 
homogenate  was  mixed  with  chloroform  (10  percent  by  volume)  and  vigorously  shaken  for  15 
sec.  The  suspension  was  centrifuged  at  12,000  x  g  for  15  min,  after  which  the  colorless 
aqueous  phase  was  collected.  Total  RNA  was  precipitated  by  adding  an  equal  volume  of 
isopropanol  (0°C,  30  min).  Precipitated  total  RNA  was  collected  and  washed  once  with  70 
percent  ethanol.  mRNA  (poly  "A"  RNA)  was  separated  from  total  RNA  by  the  Expresep 
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method,  as  described  in  the  product  literature  (BIOTECX  Laboratories,  Inc.).  Isolated  mRNA 
was  dissolved  in  diethylpyrocarbonate-treated  water  and  stored  at  -80°C. 
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RESULTS 

Characterization  of  ligand.  Botulinum  neurotoxin  type  B  isolated  as  previously 
described  (Simpson  et  al.,  1988)  was  collected  from  a  single  peak  at  the  conclusion  of  a  series 
of  chromatographic  steps.  Polyacrylamide  gel  electrophoresis  in  the  presence  of  sodium 
dodecylsulfate  confirmed  that  the  isolated  toxin  was  essentially  homogeneous  and  in  the  single 
chain  form.  Proteolytic  processing  of  the  toxin  with  agarose-bound  trypsin  resulted  in  almost 
complete  conversion  to  the  dichain  form. 

The  relative  potencies  of  the  single  chain  and  dichain  species  were  bioassayed  on  the 
mouse  phrenic  nerve-hemidiaphragm  preparation,  as  previously  described  (Simpson  and 
DasGupta,  1983).  Proteolytic  processing  of  the  toxin  resulted  in  an  increase  in  potency  of 
more  than  an  order  of  magnitude. 

Single  chain  and  dichain  forms  of  the  toxin  were  radioiodinated,  as  described  under 
Methods,  to  give  preparations  with  high  specific  activity  (range,  600  to  900  Ci/mmol). 
Labeled  material  was  bioassayed  for  residual  toxicity,  as  described  above,  and  was  found  to 
retain  between  70  and  90  percent  of  the  activity  of  native  toxin. 

Radiolabeled  toxin  was  submitted  to  polyacrylamide  gel  electrophoresis,  and  individual 
lanes  containing  the  single  chain  and  dichain  forms  of  the  toxin  were  excised  and  cut  into  2 
mm  strips.  As  expected,  lanes  containing  the  single  chain  species  had  a  single  peak  of 
radioactivity,  and  this  peak  migrated  in  a  manner  consistent  with  a  molecular  weight  of 
~ 150,000.  Lanes  containing  the  dichain  species  had  two  major  peaks,  and  the  molecular 
weights  were  consistent  with  those  of  the  heavy  chain  (~95,000  to  100,000)  and  light  chain 
(~5 1,000)  of  botulinum  neurotoxin.  Interestingly,  the  fraction  of  radioactivity  associated  with 
the  heavy  chain  (~78%)  was  greater  than  that  predicted  on  the  basis  of  molecular  weight. 
This  means  that  radioactivity  was  enriched  in  that  portion  of  the  toxin  molecule  thought  to 
mediate  binding. 
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Binding  of  toxin  to  nerve  membrane  preparations.  In  an  initial  series  of  experiments, 
membrane  preparations  from  mouse  (brain),  rat  (brain),  human  (brain),  and  oocytes  (whole 
cells)  were  tested  for  their  ability  to  bind  iodinated  dichain  toxin.  Standard  conditions  for  this 
binding  assay  were:  toxin  concentration,  0.5  to  1.0  nM;  membrane  concentration,  100 
Mg/assay;  time,  2  hr;  and  temperature,  23°C.  These  conditions  were  similar  to  those 
previously  used  to  study  clostridial  toxin  binding  to  brain  membrane  preparations  (Bakry  et 
al.,  1991a;  1991b). 

These  preliminary  experiments  indicated  that  all  tissues  of  mammalian  origin  displayed 
binding  sites  for  toxin.  Kinetic  analyses  and  regional  binding  data  are  presented  below.  In 
contrast,  native  oocyte  membranes  had  no  specific  binding  sites  for  toxin.  This  suggests  that 
oocytes  could  be  an  acceptable  system  in  which  to  induce  expression  of  binding  sites. 

Characteristics  of  toxin  binding  to  rat  brain  and  spinal  cord  membranes.  Botulinum 
neurotoxin  type  B  binding  to  rat  membrane  preparations  increased  as  a  function  of  protein.  An 
apparent  plateau  was  observed  in  the  range  of  20  to  30  Mg  membrane  protein  per  assay 
(reaction  volume,  100  /xl).  This  result  was  obtained  both  with  brain  and  with  spinal  cord.  All 
subsequent  experiments  were  done  at  a  membrane  protein  concentration  of  15  Mg  per  assay. 

The  binding  of  botulinum  neurotoxin  to  all  membrane  preparations  increased  with  time, 
and  a  true  equilibrium  was  not  reached  until  60  to  90  min.  This  incubation  time  was 
incorporated  into  subsequent  experiments. 

Temperature  had  a  significant  effect  on  specific  binding.  The  greatest  amount  of  specific 
binding  was  obtained  at  23 °C.  This  binding  was  reduced  at  37°C,  and  it  was  markedly 
reduced  at  0°C.  All  subsequent  experiments  were  done  at  room  temperature  (~23°C). 

Specific  binding  of  the  single  chain  and  dichain  species  of  botulinum  neurotoxin  type  B 
were  compared,  using  the  assay  conditions  described  in  the  preceding  paragraphs.  Regardless 
of  the  origin  of  tissues,  the  two  species  were  indistinguishable  in  their  binding  characteristics. 
All  subsequent  experiments  were  done  with  the  single  chain  molecule. 
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Various  concentrations  of  iodinated  botulinum  neurotoxin  type  B  were  incubated  with  rat 
brain  membrane  preparations,  and  the  resulting  data  on  specific  binding  were  used  to  generate 
a  saturation  isotherm  and  a  scatchard  plot.  Graphic  analysis  of  the  data  revealed  a  single  class 
of  binding  sites  with  a  Kd  of  2  nM  and  a  Bmax  of  2.6  pmol/mg  protein.  In  companion 
experiments,  various  concentrations  of  unlabeled  toxin  were  used  as  competitive  antagonists  of 
labeled  toxin  binding.  The  apparent  IC50  as  deduced  by  graphic  analysis  was  2  nM,  which  is 
in  accord  with  the  Kd  value  for  radioligand  binding  (see  above). 

Unlike  homologous  toxin,  heterologous  unlabeled  toxin  was  not  an  effective  antagonist  of 
iodinated  botulinum  neurotoxin  type  B  binding.  At  concentrations  10-fold  greater  than  the 
IC50  for  unlabeled  serotype  B,  unlabeled  serotypes  A  and  C  produced  no  more  than  20  percent 
inhibition  of  iodinated  toxin  binding. 

In  addition  to  studies  on  membrane  preparations  derived  from  rat  whole  brain,  work  was 
done  on  preparations  from  select  regions,  including  the  forebrain,  basal  forebrain,  cerebellum, 
and  spinal  cord  (Table  1).  The  Kd  values  for  these  four  regions  ranged  from  2.9  x  10'9  M 
(spinal  cord)  to  5.5  x  10'9  M  (forebrain);  the  Bmax  values  ranged  from  3.0  pmol/mg 
(forebrain)  to  10.3  pmol/mg  (cerebellum). 

Botulinum  toxin  binding  to  mouse  membrane  preparations.  A  more  limited  series  of 
studies  was  done  on  membrane  preparations  from  different  regions  of  mouse  brain. 
Representative  data  for  one  specific  region  (saturation  isotherm  and  resulting  scatchard 
analysis)  showed  that  mouse  basal  forebrain  had  a  single  class  of  high  affinity  binding  sites  for 
iodinated  botulinum  neurotoxin.  The  Kd  value  was  4.1  nM  and  the  Bmax  value  was  8.4 
pmol/mg  protein,  which  are  reasonably  similar  to  the  values  for  whole  rat  brain  preparations. 

When  three  specific  tissues  were  analyzed  (cerebellum,  forebrain,  basal  brain),  the 
resulting  Kd  values  fell  within  a  narrow  range  (2.9  x  10"9  M  to  4.3  x  10'9  M),  and  this  range 
fell  within  that  observed  for  rat  tissues  (Table  1).  On  the  other  hand,  the  resulting  Bmax 
values  were  more  disparate.  The  difference  between  the  mouse  cerebellum  (12  pmol/mg 
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protein)  and  the  mouse  forebrain  (2  pmol/mg  protein)  was  six-fold.  The  relatively  high  value 
obtained  in  mouse  cerebellar  membranes  was  exploited  in  later  expression  experiments  (see 
below). 

The  effects  of  synaptotagmin  antibodies  on  botulinum  toxin  binding  and  activity. 
Rat  brain  membrane  preparations  were  incubated  (30  min;  23 °C)  with  antibody  against  either 
the  cytosolic  or  lumenal  domains  of  synaptotagmin.  The  antibodies  were  used  at  a  five-fold 
excess  to  that  necessary  to  detect  antigen  on  Western  blots  (see  below).  Iodinated  botulinum 
neurotoxin  type  B  was  then  added  (lx  10'9  M)  and  binding  was  measured  as  described  above. 
The  results  indicated  that  neither  antibody  reduced  the  amount  of  toxin  binding. 

In  related  experiments,  phrenic  nerve-hemidiaphragm  preparations  were  immersed  in 
medium  at  5°C,  which  virtually  abolishes  both  exocytosis  and  endocytosis.  Antibody  against 
either  the  cytosolic  or  lumenal  domain  of  synaptotagmin  was  added,  and  incubation  was 
continued  for  30  min.  Botulinum  neurotoxin  type  B  (1  x  10'11  M)  was  then  added,  and 
incubation  was  continued  for  an  additional  30  min.  The  tissues  were  washed  and  suspended  in 
antibody-free  and  toxin-free  solution  at  35  °C,  phrenic  nerves  were  stimulated,  and  paralysis 
times  were  monitored.  The  results  were:  control  tissues  (n=10),  111 ±9  min;  tissues  (n=4) 
incubated  with  antibody  against  the  cytosolic  domain  of  synaptotagmin  (1 18±  12  min);  tissues 
(n=6)  incubated  with  antibody  against  the  lumenal  domain  of  the  peptide  (121  +  13  min). 
Neither  antibody  produced  statistically  significant  protection  against  botulinum  neurotoxin. 

Botulinum  toxin  binding  to  human  membrane  preparations.  Six  different  regions  of 
human  brain  were  randomly  selected  for  study:  prefrontal  cortex,  anterior  temporal  cortex, 
superior  parietal  cortex,  putamen,  globus  pallidus,  and  cerebellum.  Of  these,  the  cerebellum 
was  chosen  as  a  prototype  tissue  on  which  to  perform  experiments  that  would  define  reaction 
conditions. 

Botulinum  neurotoxin  type  B  binding  to  human  cerebellar  preparations  increased  as  a 
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function  of  membrane  protein  concentration  and  time.  An  apparent  plateau  in  binding  was 
obtained  at  a  protein  concentration  of  200  to  300  /xg/assay.  Subsequent  experiments  were  done 
at  a  concentration  of  100  Mg/assay  (100  /A).  An  apparent  equilibrium  was  obtained  between  90 
and  120  min,  and  this  incubation  time  was  used  in  later  experiments.  To  ensure  that  results 
with  human  tissues  could  be  compared  with  those  from  laboratory  animal  tissues,  experiments 
were  done  at  room  temperature  (~23°C). 

Saturation  isotherm  experiments  were  done  under  the  conditions  described  above,  and 
scatchard  analyses  were  performed  to  characterize  toxin  binding  to  human  cerebellum,  frontal 
cortex  and  globus  pallidus  (Table  2).  Interestingly,  the  average  Kd  value  for  the  three  regions 
of  human  brain  (18.2  +  5.0  nM)  was  significantly  higher  (p<0.01)  than  the  average  for  the 
different  regions  of  rat  brain  (4.2  ±  0.7  nM)  and  mouse  brain  (3.7  ±  0.9  nM).  However,  the 
Bmax  values  were  reasonably  similar  to  those  seen  with  rodent  tissues. 

An  effort  was  made  to  determine  whether  the  amount  of  botulinum  neurotoxin  binding  in 
brains  of  patients  with  no  known  neurologic  disease  was  different  from  that  in  age-  and  sex- 
matched  patients  diagnosed  with  Alzheimer's  disease.  Because  of  the  limited  amount  of  tissue 
available  from  diseased  patients,  it  was  not  possible  to  construct  full  binding  curves  for  each 
brain  region.  Instead,  a  single  toxin  concentration  was  chosen  for  study  (1  x  10'9  M),  and  the 
amount  of  specific  binding  (fmol/mg  protein)  was  compared  in  six  regions  of  control  brain  and 
Alzheimer  disease  brain.  As  shown  in  Table  3,  there  was  a  general  pattern  of  decreased 
binding  in  Alzheimer's  disease  specimens.  The  decreases  in  the  cerebellum  (p<0.005), 
putamen  (p<  0.025),  and  especially  the  globus  pallidus  (p< 0.001)  were  significant.  In  the 
latter  case,  binding  was  decreased  by  approximately  an  order  of  magnitude. 

Because  it  was  not  possible  to  construct  full  binding  curves  for  each  region  of  brain  from 
Alzheimer's  disease  patients,  the  underlying  basis  for  decreased  binding  could  not  be 
established.  However,  preliminary  experiments  on  cerebellum  and  putamen  suggested  that  the 
major  change  was  in  Bmax  rather  than  Kd.  Additional  work  will  be  necessary  to  confirm  this 
preliminary  finding  on  all  affected  brain  regions. 
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Expression  of  binding  sites  in  oocytes.  The  binding  of  botulinum  neurotoxin  to 
Xenopus  oocytes  was  examined  before  or  after  injection  of  mRNA  (see  Methods).  A  single 
toxin  concentration  was  used  (1  x  10'9  M),  and  conditions  for  the  binding  assay  were  identical 
to  those  used  with  rat  brain  tissues  (see  above). 

As  described  earlier,  membranes  from  native  oocytes  were  devoid  of  specific  binding 
sites.  However,  in  most  cases  (>80%),  injection  of  message  from  whole  rat  brain  led  to 
expression  of  specific  binding  sites.  The  average  value  obtained  for  membranes  in  9 
successful  experiments  was  30  +  4  fmol/mg  protein. 

Earlier  experiments  on  rat,  mouse  and  human  brain  all  demonstrated  that  cerebellum  had 
the  highest  density  of  toxin  binding  sites.  Therefore,  mRNA  from  rat  cerebellum  or  mouse 
cerebellum  was  injected  into  oocytes.  Interestingly,  the  success  rate  in  obtaining  binding  sites 
rose  to  100%  when  cerebellar  mRNA  was  injected.  The  actual  values  obtained  were  as 
follows:  rat  cerebellum  mRNA,  40  ±  5  fmol/mg  protein  (n=4);  mouse  cerebellum  mRNA, 
42  ±  10  fmol/mg  protein  (n=4). 

Synaptotagmin  was  either  not  expressed  or  only  minimally  expressed  in  native  oocytes. 
However,  injection  of  rat  cerebellar  mRNA  into  oocytes  led  to  clear  expression  of  the  peptide. 
Both  the  cytosolic  domain  and  the  lumenal  domain  could  be  detected. 

Binding  experiments  with  botulinum  neurotoxin  type  B  were  redone  with  oocytes  injected 
with  rat  cerebellar  mRNA.  The  amount  of  toxin  binding  was  compared  in  control 
preparations,  experimental  preparations  preincubated  with  antibody  against  the  cytosolic 
domain  of  synaptotagmin,  and  experimental  preparations  preincubated  with  antibody  against 
the  lumenal  domain  of  the  peptide.  Preincubation  was  for  30  min  at  23°C;  antibodies  were 
used  at  a  five-fold  excess  to  that  necessary  to  detect  antigen  in  Western  blots. 

The  amount  of  specific  binding  in  the  three  tissue  preparations  was  the  same.  There  was 
no  evidence  for  antagonism  of  toxin  binding  by  either  antibody. 
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DISCUSSION 

Botulinum  neurotoxin  acts  preferentially  on  cholinergic  nerve  endings  to  block 
acetylcholine  release.  The  toxin  produces  this  effect  by  proceeding  through  a  sequence  of 
events,  the  first  of  which  is  association  with  cell  surface  receptors.  The  identity  of  these 
receptors  and  their  role  in  nerve  function  have  not  been  determined  (Middlebrook,  1989). 
Indeed,  it  has  not  even  been  established  whether  there  are  simple  receptors.  Montecucco 
(1986)  has  advanced  the  interesting  idea  that  binding  might  be  a  biphasic  process.  There  could 
be  an  initial  interaction  with  lower  affinity  binding  sites  (viz.,  membrane  lipids),  and  this 
would  promote  a  secondary  interaction  with  higher  affinity  sites  (viz.,  protein).  The  value  of 
this  proposal  and  others  will  not  be  known  until  toxin  receptors  are  actually  identified. 

A  strategy  for  characterizing  receptors.  A  number  of  investigators  have  studied  labeled 
botulinum  toxin  binding  to  nerve  membrane  preparations  (for  representative  studies,  see 
Kozaki,  1979;  Williams  et  al,  1983;  Evans  et  al,  1986;  Yokosawa  et  al,  1991).  Because 
the  amount  of  nerve  ending  tissue  at  the  neuromuscular  junction  is  limited,  almost  the  entire 
literature  on  binding  deals  with  brain  membrane  preparations  (but  see  the  work  by  Black  and 
Dolly,  1986a;  Black  and  Dolly,  1986b).  This  is  in  keeping  with  the  fact  that  botulinum  toxin 
blocks  transmitter  release  from  isolated  brain  synaptosomes. 

Earlier  studies  on  botulinum  toxin  type  B  binding  have  shown  that  whole  brain 
preparations  have  specific,  high  affinity  binding  sites.  Furthermore,  these  binding  sites  are 
unique  or  relatively  unique  to  this  serotype,  because  heterologous  serotypes  do  not  block 
binding.  These  earlier  studies  have  established  a  framework  in  which  the  current  work  was 
done.  Botulinum  neurotoxin  type  B  was  labeled  to  high  specific  activity,  and  its  binding  was 
studied  in  several  discrete  areas  of  the  rat  and  mouse  central  nervous  system.  In  addition,  the 
present  study  contains  the  first  experiments  in  which  botulinum  toxin  binding  has  been 
measured  in  human  tissues.  This  was  done  with  specimens  obtained  from  several  regions  of 
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human  brain,  and  a  comparison  was  made  between  tissues  from  patients  without  known 
neurological  disease  and  tissues  from  patients  with  Alzheimer's  disease.  Finally,  the  present 
study  contains  the  first  data  on  botulinum  toxin  binding  to  Xenopus  oocytes,  a  widely  used 
expression  system.  This  work  was  done  both  on  native  oocytes  and  on  oocytes  that  had  been 
injected  with  rat  and  mouse  brain  mRNA. 

An  initial  examination  of  iodinated  type  B  toxin  binding  showed  that  the  single  chain  and 
dichain  species  were  virtually  indistinguishable.  This  is  in  marked  contrast  to  findings  with 
other  steps  in  the  paralytic  process.  To  begin  with,  the  single  chain  species  does  not  appear  to 
have  the  correct  conformation  and/or  flexibility  needed  for  cellular  internalization.  In 
addition,  the  single  chain  species  expresses  little  or  no  enzymatic  activity,  perhaps  because  of 
conformational  restraints  on  the  catalytic  domain.  These  limitations  explain  why  the  single 
chain  molecule  is  much  less  potent  than  the  dichain  molecule  when  tested  on  phrenic  nerve- 
hemidiaphragm  preparations. 

The  membrane  preparations  used  in  the  present  study  did  not  have  intact  synaptosomes, 
and  thus  there  should  be  little  possibility  that  the  process  of  internalization  could  be  mistaken 
for  binding.  However,  to  minimize  any  difficulties,  the  bulk  of  the  work  was  done  with  the 
single  chain  molecule.  This  also  reduced  the  prospect  that  toxin~substrate  interactions  could 
complicate  matters  because,  as  indicated  above,  the  single  chain  molecule  has  little  enzymatic 
activity. 

There  is  one  further  respect  in  which  the  present  study  is  an  outgrowth  of  earlier  work. 
In  the  recent  past,  Nishiki  et  al.  (1993;  1994)  have  published  work  suggesting  that 
synaptotagmin,  perhaps  in  association  with  an  auxiliary  molecule,  may  act  as  a  receptor  for 
serotype  B.  Synaptotagmin  is  found  in  membranes  of  synaptic  vesicles.  During  the  process  of 
exocytosis,  vesicles  meld  with  the  plasma  membrane.  This  means  that  for  a  finite  period  of 
time  the  lumenal  domain  of  the  molecule  is  exposed  to  the  cell  surface.  It  is  at  this  point  that, 
hypothetically,  synaptotagmin  could  serve  as  a  whole  or  partial  receptor  for  the  toxin. 
Therefore,  botulinum  neurotoxin  binding  (nerve  tissue,  oocytes)  and  biological  activity 
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(phrenic  nerve-hemidiaphragm)  were  studied  in  the  absence  and  presence  of  antibodies  directed 
against  synaptotagmin.  This  work  was  intended  to  help  clarify  the  issues  that  must  be  resolved 
before  synaptotagmin  can  be  regarded  as  an  authentic  receptor. 

Analysis  of  neurotoxin  binding.  All  regions  of  rat,  mouse  and  human  central  nervous 
system  that  were  tested  had  specific  binding  sites  for  botulinum  neurotoxin  type  B.  In  general, 
the  Kd  values  for  the  different  regions  of  mouse  and  rat  brain  were  comparable,  but  the  Kd 
values  for  regions  of  human  brain  were  higher. 

There  are  three  points  that  should  be  made  in  relation  to  the  binding  data.  First, 
botulinum  neurotoxin  type  B  is  orders  of  magnitude  more  potent  in  blocking  mouse  than 
blocking  rat  neuromuscular  transmission  (Burgen  et  ah,  1949).  To  the  extent  that  binding  to 
brain  membranes  reflects  binding  to  motor  nerve  membranes,  the  data  suggest  that  resistance 
of  the  rat  is  not  due  to  an  absence  of  specific  receptors  (and  see  Evans  et  ah,  1986).  This 
conclusion  meshes  well  with  another  line  of  recent  research.  Botulinum  neurotoxin  type  B 
blocks  transmission  by  cleaving  synaptobrevin  (also  known  as  VAMP,  or  vesicle-associated 
membrane  protein)  at  Gln76-Phe77.  Mouse  synaptobrevin  has  this  bond,  but  rat  synaptobrevin 
has  a  substitution  at  this  site  that  creates  a  Val76-Phe77  bond  (Patamello  et  ah,  1993).  In  all 
likelihood,  resistance  of  the  rat  to  serotype  B  is  due  to  an  absence  of  a  susceptible  cleavage  site 
in  the  substrate  and  not  to  absence  of  specific  receptors. 

Second,  botulinum  toxin  type  B  has  substantially  less  affinity  for  binding  sites  in  human 
brain  than  for  sites  in  rat  brain  or  mouse  brain.  The  reason  for  this  difference  is  not  clear,  but 
at  least  one  possible  explanation  can  be  ruled  out.  One  might  argue  that  there  are  degradative 
changes  in  autopsy  specimens,  such  as  proteolysis  of  membranes,  and  thus  high  Kd  values 
could  be  misleading.  However,  there  is  experimental  evidence  that  weighs  against  this  idea. 
Ligand  binding  studies  with  serotype  A  have  shown  that  rat,  mouse,  and  human  brain 
membranes  display  nearly  equivalent  Kd  values,  and  studies  with  serotype  C  have  shown  that 
human  brain  membranes  actually  display  a  higher  affinity  than  rat  or  mouse  brain  (Coffield  et 
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al.,  submitted  for  publication).  These  results  are  not  consistent  with  a  hypothesis  of 
generalized  membrane  deterioration  in  human  specimens. 

Third,  the  data  do  not  support  the  idea  that  synaptotagmin  acts  as  a  sole  receptor  for 
botulinum  neurotoxin  type  B.  Experiments  in  which  antibodies  against  the  lumenal  and 
cytosolic  domains  of  synaptotagmin  were  tested  as  antagonists  of  toxin  binding  to  brain 
membrane  preparations  did  not  reveal  any  protection.  The  antibodies-like  the  toxin-are  large 
molecules  (>150,000  daltons),  which  means  that  antibodies  could  block  toxin  binding  either 
by  attaching  to  the  toxin  binding  site  (viz.,  true  competition)  or  by  attaching  to  another  site 
(viz.,  steric  hindrance).  Therefore,  a  complete  absence  of  protection  raises  questions  about 
whether  the  peptide  is  acting  as  a  sole  receptor. 

The  binding  studies  on  brain  membrane  preparations  were  supplemented  by  experiments 
on  oocytes  and  on  phrenic  nerve-hemidiaphragm  preparations.  Native  oocytes  did  not  express 
specific  receptors  for  toxin,  but  injection  of  mouse  or  rat  cerebellar  mRNA  did  lead  to 
expression  of  binding  sites.  In  keeping  with  the  results  on  brain  membranes,  antibodies 
against  the  two  free  domains  of  synaptotagmin  did  not  diminish  toxin  binding  to  oocyte 
membranes.  Analogous  results  were  obtained  in  functional  studies  with  a  neuromuscular 
preparation.  Antibodies  against  synaptotagmin  did  not  alter  the  amount  of  time  necessary  for 
toxin-induced  blockade  of  transmission  in  the  phrenic  nerve-hemidiaphragm. 

The  neuromuscular  junction  studies  are  especially  relevant  to  issues  that  pertain  to  toxin 
binding.  As  discussed  above,  it  is  presumably  the  lumenal  domain  of  synaptotagmin  that 
would  serve  as  a  binding  site,  and  this  portion  of  the  molecule  would  be  exposed  when 
exocytotic  vesicles  meld  with  the  plasma  membrane.  Furthermore,  one  would  predict  that  the 
number  of  these  binding  sites  would  be  relatively  low  under  conditions  in  which  there  is  little 
or  no  exocytosis  (e.g.,  low  temperature),  but  the  relative  number  and  rate  of  turnover  would 
increase  when  there  is  substantial  exocytosis  (e.g.,  rapid  nerve  stimulation).  Indeed,  recent 
work  has  demonstrated  exactly  this  outcome.  De  Camilli  and  his  colleagues  (Mundigl  et  al. , 
1995)  have  shown  that  an  iodinated  antibody  against  the  lumenal  domain  of  synaptotagmin  can 
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be  used  to  measure  exocytosis.  This  work  has  shown  that  binding  is  reduced  at  low 
temperature,  but  binding  of  the  antibody  increases  at  physiological  temperature  or  with  nerve 
depolarization. 

Experiments  in  the  present  study  involved  the  same  antibody  as  that  developed  to  measure 
exocytotic  activity.  The  antibody  was  added  to  the  neuromuscular  junction  at  4°C  for  30  min, 
which  is  more  than  adequate  time  for  equilibrium  to  be  obtained  (ca.  3  to  4  min;  Mundigl  et 
al.,  1995).  Botulinum  toxin  was  then  added  for  30  min,  after  which  tissues  were  washed  and 
suspended  in  physiological  solution  at  35  °C.  The  results  demonstrated  that  prior  treatment  of 
tissues  with  antibodies  against  synaptotagmin  did  not  afford  any  protection  against  botulinum 
toxin  type  B. 

The  combined  results  raise  serious  questions  about  the  role  of  synaptotagmin  as  a  sole 
receptor  for  botulinum  toxin.  However,  they  do  not  necessarily  challenge  the  premise  that  the 
peptide  could  be  one  part  of  a  dual  receptor.  The  absence  of  antibody  protection  in  binding 
experiments  could  be  explained  on  the  basis  that  toxin  was  associating  with  the  non- 
synaptotagmin  portion  of  the  dual  receptor.  The  absence  of  protection  in  functional 
experiments  could  be  explained  on  the  same  basis,  with  the  assumption  that  the  toxin  becomes 
associated  with  newly  exposed  synaptotagmin  when  nerve  stimulation  begins. 

One  possible  approach  to  determining  whether  synaptotagmin  is  part  a  dual  receptor 
would  be  to  utilize  the  techniques  of  molecular  biology.  If  a  tissue  that  is  sensitive  to  type  B 
toxin  could  be  rendered  free  of  synaptotagmin  (e.g.,  deletion  mutant  or  antisense  treatment), 
this  would  allow  one  to  determine  whether  the  peptide  plays  an  essential  role  in  toxin  binding. 
Efforts  are  currently  underway  to  generate  such  a  preparation. 

Toxin  binding  and  neurologic  disorders.  An  analysis  of  toxin  binding  in  brain 
specimens  from  patients  with  no  known  neurological  disease  and  in  specimens  from  patients 
with  Alzheimer's  disease  revealed  profound  changes.  It  was  generally  true  that  binding  was 
decreased  in  Alzheimer's  disease,  but  because  of  variability  in  the  data  some  of  the  differences 
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did  not  attain  statistical  significance.  This  was  not  the  case  for  cerebellum  and  putamen, 
where  the  differences  were  significantly  different  (p<  0.005  and  0.025,  respectively),  or  for 
the  globus  pallidus,  where  the  difference  was  striking  (p<  0.001). 

Given  the  nature  of  the  disease  under  study,  one  might  speculate  that  these  changes  are 
merely  a  reflection  of  cell  death.  Cell  loss  is  a  characteristic  feature  of  Alzheimer's  disease, 
and  thus  loss  of  toxin  binding  sites  might  be  a  predictable  and  mundane  observation. 
However,  there  is  a  compelling  reason  for  not  accepting  this  line  of  speculation.  The 
substantial  neurohistological  literature  on  Alzheimer's  disease  shows  that  higher  centers,  such 
as  cerebral  cortex,  are  particularly  vulnerable  to  cell  loss.  There  is  no  evidence  that  areas  such 
as  the  globus  pallidus  are  preferentially  affected  while  areas  such  as  the  cortex  are  spared.  The 
toxin  binding  data  appear  to  be  the  reverse  of  what  one  would  predict  if  the  results  were 
merely  a  reflection  of  the  characteristic  pattern  of  cell  death  in  Alzheimer's  disease. 

There  is  not  enough  information  to  explain  the  provocative  data  on  toxin  binding. 
Instead,  there  is  a  need  to  broaden  the  scope  of  investigation.  To  begin  with,  the  original 
work  should  be  reproduced  on  Alzheimer's  patients  from  other  geographic  areas  to  determine 
whether  the  present  patients  and  findings  are  generalizable.  In  addition,  the  approach  should 
be  reproduced  with  other  toxin  serotypes  to  determine  whether  the  results  with  serotype  B  are 
unique.  If  the  finding  of  decreased  toxin  binding  in  non-cortical  areas  proves  to  be 
reproducible,  then  the  problem  should  be  pursued  vigorously.  There  is  the  possibility  that 
botulinum  toxin  binding  may  be  a  biomarker  for  some  aspect  of  Alzheimer's  disease. 

Expression  of  binding  sites.  Native  Xenopus  oocytes  were  devoid  of  specific  binding 
sites  for  botulinum  neurotoxin  type  B.  This,  along  with  findings  on  frog  brain  and  spinal 
cord,  show  that  toxin  association  with  membranes  is  not  a  universal  phenomenon.  Thus  far, 
specific  association  has  been  observed  only  in  situations  in  which  the  toxin  blocks  exocytosis 
(see  above). 

Injection  of  oocytes  with  mRNA  of  whole  rat  brain  origin  led  to  expression  of  binding 
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sites,  and  injection  of  mRNA  of  either  rat  cerebellum  or  mouse  cerebellum  origin  led  to 
expression  of  even  more  binding  sites.  These  results  are  encouraging,  not  only  because  they 
demonstrate  that  binding  sites  can  be  induced  in  oocytes,  but  also  because  they  demonstrate 
that  the  relative  density  of  binding  sites  in  the  expression  system  mimics  the  relative  density  in 
the  donor  tissue. 

The  fact  that  oocytes  express  toxin  receptors  has  many  implications,  the  most  obvious 
being  that  the  expression  system  can  be  used  to  test  hypotheses  about  the  identity  of  toxin 
receptors.  Recent  work  by  Nishiki  et  al.  (1993;  1994)  has  led  to  the  proposal  that 
synaptotagmin,  perhaps  in  association  with  an  auxiliary  molecule,  may  be  a  toxin  receptor.  If 
this  were  true,  one  would  expect  that  injection  and  expression  of  the  gene  for  synaptotagmin 
and  the  auxiliary  molecule  should  lead  to  appearance  of  binding  sites.  Alternatively,  injection 
of  total  mRNA  simultaneously  with  an  antisense  message  to  synaptotagmin  should  block 
expression  of  binding  sites.  Experiments  along  these  lines  are  in  progress,  but  another  line  of 
work  may  also  be  revealing.  As  reported  above,  the  frog  lacks  specific  binding  sites  for 
serotype  B,  and  the  frog  neuromuscular  junction  is  resistant  to  the  toxin.  Nevertheless,  the 
frog  neuromuscular  junction  reacts  positively  in  immunohistochemistry  stains  with  anti- 
synaptotagmin  antibody  (Coffield,  Bakry,  Zhang  and  Simpson,  manuscript  in  preparation). 
This  suggests  that  synaptotagmin  by  itself  cannot  be  a  fully  competent  toxin  receptor. 
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TABLE  1 

Specific  binding  of  ^I-botulinum  neurotoxin  type  B 
to  different  areas  of  rat  and  mouse  central  nervous  system 


Tissue 

Kd  (neuromuscular)a 

Bmax  (pmol/mg  protein) 

Rat  forebrain 

5.5  ±  1.0 

3.0  ±  0.3 

Rat  basal  forebrain 

4.8  ±  1.1 

7.7  ±0.8 

Rat  cerebellum 

3.5  ±  0.4 

10.3  ±  0.6 

Rat  spinal  cord 

2.9  ±  0.3 

8.0  ±  1.0 

Average 

4.2  ±  0.7 

7.3  ±  0.7 

Mouse  forebrain 

2.9  +  0.9 

2.0  ±  0.6 

Mouse  basal  forebrain 

4.1  ±  1.2 

8.4  +  1.5 

Mouse  cerebellum 

4.3  ±  0.6 

12.0  ±  3.5 

Average 

3.7  ±  0.9 

7.5  ±  1.9 

a  Values  are  expressed  as  the  mean  ±  SEM.  N  =  3  or  more  per  group. 
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TABLE  2 


Specific  binding  of  ^^I-botulinum  neurotoxin  type  B 
to  different  areas  of  human  brain 


Tissue 

Kd  (neuromuscular)3 

Bmax  (pmol/mg  protein)3 

Frontal  cortex 

16.6  ±  7.0 

2.5  ±  1.4 

Globus  pallidus 

24.0  ±  4.0 

2.0  +  0.5 

Cerebellum 

14.0  ±  4.0 

5.2  ±  2.0 

Average 

18.2  ±  5.0 

3.2  ±  1.3 

a  Values  are  expressed  as  the  mean  +  SEM.  N  =  3  or  more  per  group. 
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TABLE  3 


Specific  binding  of  125I-botulinum  neurotoxin  type  B 
to  tissues  from  Control  Patients  and  Alzheimer's  Disease  Patients 


Tissue 


Control®  Alzheimer's  Disease® 


Prefrontal  Cortex 

Anterior  Temporal  Cortex 

Superior  Parietal  Cortex 

Cerebellum 

Putamen 

Globus  Pallidus 


57  ±  2.8(10) 
57  ±  2.6(6) 
35  ±  2.0(6) 
72  ±  1.8(15) 
40  ±  1.2(6) 
50  ±  2.7(7) 


50  ±  1.9(9) 

39  ±  6.7(4) 
28  ±  2.0(4) 

40  ±  1.1(10) 
23  ±  5.3(4) 

5  ±  1.4(7) 


®  Values  (mean  ±  SEM)  are  expressed  as  fmol/mg  protein.  Numbers  in  parentheses 
represent  group  N. 


